Introduction
============

Chronic obstructive pulmonary disease (COPD) is characterized by persistent and progressive airflow limitation, which is associated with chronic airway inflammation and parenchymal destruction ([@b1-mmr-13-06-4995]). When exposed to chronic irritants such as cigarette smoke (a common risk factor of COPD) repeated injury and repair, and chronic inflammatory response of the airway wall result in structural changes termed airway remodeling ([@b2-mmr-13-06-4995],[@b3-mmr-13-06-4995]). Airway smooth muscle (ASM) is one of the important structures of airway wall, and contributes to the chronic inflammatory response and airway remodeling in COPD due to its proliferation and synthetic capabilities ([@b4-mmr-13-06-4995]).

Many cytokines, chemokines and growth factors promote ASM cell (ASMC) proliferation ([@b5-mmr-13-06-4995]) and exposure to cigarette smoke extract (CSE) induces a proliferative phenotype of cultured ASMCs ([@b6-mmr-13-06-4995]). In addition, ASMCs provide cytokines in the airway by releasing eotaxin, chemokine (C-C motif) ligand 5, monocyte chemoattractant proteins, interleukin-6 (IL-6) and IL-8 ([@b7-mmr-13-06-4995]). Pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), and CSE lead to increased expression of various cytokines from ASM ([@b8-mmr-13-06-4995],[@b9-mmr-13-06-4995]). The release of IL-8, an important neutrophil chemoattractant, from ASMCs and inflammatory cells is important in the pathogenesis of COPD ([@b10-mmr-13-06-4995]). However, the underlying mechanisms of ASM proliferation and synthetic function induced by cigarette smoke exposure have not been elucidated.

Although a wide variety of ion channels are expressed in ASMCs to regulate its biological activities, the precise function of the majority of channels requires investigation. Transient receptor potential cation channel subfamily M member 7 (TRPM7) is a non-selective ion channel permeable to various divalent cations (such as Mg^2+^ and Ca^2+^) with a distinctive serine/threonine protein kinase domain in its C-terminal ([@b11-mmr-13-06-4995]--[@b13-mmr-13-06-4995]). This channel is highly expressed in the brain, heart, liver, kidney and lung of mammals ([@b14-mmr-13-06-4995],[@b15-mmr-13-06-4995]) and it has been determined that TRPM7 is important for cellular survival and proliferation of numerous cell types ([@b16-mmr-13-06-4995]). Additionally, in our previous study, it was identified that inhibition of TRPM7 reduced the release of cytokines in rat bone marrow-derived mast cells ([@b17-mmr-13-06-4995]). However, to the best of our knowledge, the association between TRPM7 and ASM with cigarette smoke exposure has not previously been investigated. The aim of the present study was to detect the expression of TRPM7 in ASMCs from rats exposed to cigarette smoke. Furthermore, the role of TRPM7 in cell proliferation and IL-8 release was investigated in the ASMCs.

Materials and methods
=====================

Animals
-------

A total of 24 five- to six-week-old male Sprague-Dawley (SD) rats (weight, 150--180 g) were obtained from the Laboratory Animal Center of Sun Yat-sen University (Guangdong Experimental Animal Testing, Guangzhou, China; certificate no. 0101668). The rats were housed in a temperature-controlled room (26±1°C) and maintained on a 12-h light/dark cycle with free access to water and food. All the experiments described were performed in accordance with the regulations of the Centre of Animal Experiments of Sun Yat-sen University. Ethical approval for this investigation was obtained from the Research Ethics Committee, Sun Yat-sen University (Guangzhou, China).

Cigarette smoke exposure
------------------------

The rats were randomly divided into the smoke-exposed group and control groups (n=12). The rats of the smoke-exposed group were placed in a plastic chamber and exposed to 3R4F research cigarette smoke (University of Kentucky, Lexington, KY, USA), one cigarette twice a day, with one day off every week, for 90 days. The control rats were placed in another plastic chamber and exposed to fresh air over the same time period. All rats were sacrificed by cervical dislocation following CO~2~ narcosis after the 90-day period for CSE (or fresh air for the control group) was completed. CSE was prepared by burning two 3R4F research cigarettes without a filter and passing the smoke to a 50 ml conical tube containing 20 ml culture medium (Guangzhou Whiga Technology Co., Ltd., Guangzhou, China) at a rate of 5 min/cigarette. The obtained solution was filtered through a 0.22-*μ*m filter and was referred to as 100% strength CSE.

Lung histology and immunohistochemical staining
-----------------------------------------------

Lung tissue samples (5 *μ*m) of right lobe was removed from the rats. The tissue samples were fixed with 10% neutral buffered formalin (Guangzhou Whiga Technology Co., Ltd.) and the specimens were dehydrated (by incubating sequentially for 2 h in 75%, 85%, 95% and 100% alcohol, in turn) and embedded in paraffin (Guangzhou Whiga Technology Co., Ltd.). Fixed embedded tissue sections (size, 5 *μ*m) were sliced, placed on glass slides and deparaffinized. Subsequently, α-smooth muscle actin immunohistochemical staining with monoclonal mouse anti-α-smooth muscle actin antibody (1:100; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to determine smooth muscle cells in the lung. The ASM areas were stained brown as a result of the α-smooth muscle actin immunohistochemical staining. The ASM areas (*μ*m^2^) of eight independent bronchioles were measured using Image-Pro Plus version 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA). The results are expressed as a proportion of the total airway area \[i.e. the lumen plus the airway wall for the external area at the adventitial border (*μ*m^2^)\].

Isolation and culture of ASMCs
------------------------------

ASMCs were obtained from the trachea and bronchi of smoke-exposed and control SD rats as previously described ([@b18-mmr-13-06-4995],[@b19-mmr-13-06-4995]). Briefly, the trachea and main bronchi were removed and separated from the lung, bronchial vessels and connective tissue, then dissected into cubes (dimension, 1×1×1 mm). All segments were cultured with Gibco Dulbecco\'s modified Eagle\'s medium (DMEM; Thermo Fisher Scientific, Inc.) supplemented with 20% fetal calf serum (FCS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin (Guangzhou Whiga Technology Co., Ltd., Guangzhou, China) and 100 mg/ml streptomycin (Guangzhou Whiga Technology Co., Ltd.) in conditions of 37°C and 5% CO~2~ for 5 days. Cells were grown to 80% confluence (observed under an inverted phase contrast microscope; Leica Microsystems Wetzlar GmbH, Wetzlar, Germany), the medium was removed, the explants were washed twice with Gibco Hank\'s Balanced Salt Solution (Thermo Fisher Scientific, Inc.) and trypsinized (in 1 ml of a 0.25% trypsin solution; Guangzhou Whiga Technology Co., Ltd.) for 1 min. Next, ASMCs were cultured in DMEM medium supplemented with penicillin and streptomycin at the above-mentioned concentrations and 10% FCS. The medium was replaced every 2 days. ASMCs were identified by the characteristic hill-and-valley appearance and α-smooth muscle actin immunocytochemical staining. Experiments were performed on freshly isolated ASMCs.

Immunocytochemistry
-------------------

ASMCs were identified by α-smooth muscle actin immunocytochemical staining, as previously described ([@b18-mmr-13-06-4995],[@b19-mmr-13-06-4995]). Briefly, ASMCs were seeded onto sterile glass coverslips and grown to 70% confluence. Cells were fixed in 4% paraformaldehyde for 20 min, and the sections were reacted with 3% H~2~O~2~ (Guangzhou Whiga Technology Co., Ltd.) After a rinse in phosphate-buffered saline (PBS), the sections were blocked with 2% bovine serum albumin (BSA; Guangzhou Whiga Technology Co., Ltd.) and incubated with monoclonal mouse anti-α-smooth muscle actin antibody (1:300; Thermo Fisher Scientific, Inc.) at 4°C overnight for immunolabeling. Subsequently, the sections were incubated with a secondary horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG (1:300; Cell Signaling Technology, Inc., Danvers, MA, USA) for 30 min at 37°C and then washed three times with PBS. The peroxidase activity was visualized by a color reaction using 3,3′-diaminobenzidine (1 ml; Wuhan Boster Biological Technology, Ltd., Wuhan, China) as the substrate. The slides were then counterstained with hematoxylin (Wuhan Boster Biological Technology, Ltd.), mounted and examined under a microscope (Olympus Corp., Tokyo, Japan) using AxioVision 4.1 software (Carl Zeiss Microscopy, LLC, Thornwood, NY, USA).

Reverse transcription-polymerase chain reaction (RT-PCR)
--------------------------------------------------------

Total RNA was extracted from ASMCs according to the instructions of the TRIzol Reagent kit (Invitrogen; Thermo Fisher Scientific, Inc.). RT-PCR was performed using the SuperScript One-step RT-PCR system (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. There were 35 cycles of 90°C for 35 sec, 56°C for 30 sec and 72°C for 30 sec. β-actin served as an internal control. The primers were as follows: Forward, 5′-CTGAAGAGGAATGACTACAC-3′ and reverse, 5′-ACAGGAAAAAGAGAGGGAG-3′ for TRPM7 \[(GenBank, AC000071) Invitrogen; Thermo Fisher Scientific, Inc.\]; forward, 5′-TGAGCTGCGTGTGGCCCCTGAG-3′ and reverse, 5′-GGGGCATCGGAACCGCTCATTG-3′ for β-actin \[(GenBank, AC000080) Applied Biosystems; Thermo Fisher Scientific, Inc.\].

Western blot analysis
---------------------

ASMCs were lysed with radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). The extracts were collected and protein concentrations were measured using a bicinchoninic acid protein assay kit (Wuhan Boster Biological Technology, Ltd.). Equal quantities (40 *μ*g) of protein were separated by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (Wuhan Boster Biological Technology, Ltd.) and blotted onto polyvinylidene fluoride (PVDF) membrane (Merck Millipore, Bedford, MA, USA). The PVDF membrane was blocked for nonspecific protein binding with Tris-buffered saline/Tween-20 (TBST; Guangzhou Whiga Technology Co., Ltd.) and 5% non-fat milk (Guangzhou Whiga Technology Co., Ltd.) at room temperature for 2 h. Then, the membrane was incubated overnight at 4°C with primary goat anti-TRPM7 (1:500; Abcam, Cambridge, UK) and primary mouse anti-β-actin (1:1,000; Sigma-Aldrich, St. Louis, MO, USA) monoclonal antibodies. Next, the membranes were washed with TBST, incubated with HRP-conjugated rabbit anti-goat IgG (1:500) and rabbit anti-mouse IgG (1:1,000) secondary antibodies (Cell Signaling Technology, Inc.) for 1 h, and then washed three times with TBST. The proteins were detected using an enhanced chemiluminescence system (a SignalBoost™ Immunoreaction Enhancer kit; Merck Millipore).

Detection of TRPM7 protein levels in ASMCs using immunofluorescence
-------------------------------------------------------------------

ASMCs were fixed in cold acetone (4°C) for 5 min and washed with 0.01 mol/l PBS (Guangzhou Whiga Technology Co., Ltd.) and immersed in 0.3% Triton X-100 (Guangzhou Whiga Technology Co., Ltd.) in PBS. Subsequently, ASMCs were blocked with 1% BSA in PBS for 1 h at room temperature and incubated with primary monoclonal goat anti-TRPM7 antibody (1:100; Abcam) in PBS containing 3% BSA for 24 h (4°C). Following a wash with PBS at 4°C, ASMCs were labeled with the fluorescein isothiocyanate-conjugated secondary monoclonal donkey anti-goat IgG antibody (1:100; Jackson ImmunoResearch Laboratories, Baltimore, MA, USA) 1 h at room temperature. The nuclei of ASMCs were stained with Hoechst stain (Beyotime Institute of Biotechnology, Shanghai, China).

Design of shRNA against rat TRPM7
---------------------------------

Short hairpin RNA (shRNA) targeting the rat *TRPM7* gene (TRPM7-shRNA) was designed and synthesized by Guangzhou Forevergen Co., Ltd. (Guangzhou, China) and the sequences were as follows: Forward, 5′-GATCCCCGTCGTTTCTTCCAGAGGTGTTCAAGAGACACCTCTGGAAGAAACGACTTTTTA-3′ and reverse, 5′-AGCTTAAAAAGTCGTTTCTTCCAGAGGTGTCTCTTGAACACCTCTGGAAGAAACGACGGG-3′. The control shRNA contained scrambled sequences (scramble-shRNA) as follows: Forward, 5′-GATCCCCGCCAGCTTAGCACTGACTCTTCAAGAGAGAGTCAGTGCTAAGCTGGCTTTTTA-3′ and reverse, 5′-AGCTTAAAAAGCCAGCTTAGCACTGACTCTCTCTTGAAGAGTCAGTGCTAAGCTGGCGGG-3′.

Generation of lentivirus vectors and transduction of ASMCs
----------------------------------------------------------

The lentivirus vectors were constructed as previously described ([@b17-mmr-13-06-4995]). Briefly, 293T human kidney cells (Invitrogen; Thermo Fisher Scientific) in 10-cm culture dishes were cotransfected with 10 *μ*g pLV vector, 4.8 *μ*g pGag-Pol, 1.8 *μ*g pRev and 2.7 *μ*g pMDG (Guangzhou Forevergen Co., Ltd.) using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The supernatants were collected 48 and 72 h after transfection, filtered through a 0.4-*μ*m membrane and the viruses were concentrated using an Amicon Ultra-15 100 kDa filter (Merck Millipore). Transduction of ASMCs with lentivirus vectors was performed in the presence of 10 *μ*g/ml polybrene (Sigma-Aldrich). Using pLV vectors with puromycin marker (a coding sequence of the lentivirus vector, obtained from Guangzhou Forevergen Co., Ltd.), cells were selected with 2 *μ*g/ml puromycin (Merck Millipore) following transduction for 24 h. The floating cells were removed, and the remaining attached cells were analyzed and collected for further experiments.

\[^3^H\]-thymidine incorporation assay
--------------------------------------

ASMCs were plated in 24-well cluster plates at a density of 1×10^5^ cells/well in a medium containing 10% FCS and grown to 95% confluence. ASMCs were stimulated with CSE (5 or 15%) or TNF-α (1 ng/ml; Sigma-Aldrich) for 24 h. Then the cells were cultured with \[^3^H\]-thymidine (0.25 *μ*Ci/ml; GE Healthcare Life Sciences, Chalfont, UK) for 24 h, harvested onto glass-fiber filters (Merck Millipore), and washed twice with PBS and twice with ice-cold 5% trichloroacetic acid (Guangzhou Whiga Technology Co., Ltd.). Subsequently, the cells were dissolved in 0.5 ml NaOH (1 M). Incorporated \[^3^H\]-thymidine was quantified by liquid-scintillation counting (Beckman Coulter Inc., Brea, CA, USA).

Cell number determination
-------------------------

ASMCs were plated in 24-well cluster plates at a density of 1×10^5^ cells/well in medium containing 10% FCS and grown to 95% confluence. Then the cells were stimulated with CSE (5 or 15%) or TNF-α (1 ng/ml) for 24 h. ASMCs were harvested and viable cells were counted in duplicate, using a hemocytometer (Guduo Biotechnology Co., Ltd., Shanghai, China). Trypan blue exclusion assay was performed by mixing 80 *μ*l cell suspension and 20 *μ*l 0.4% Trypan Blue Solution (Sigma-Aldrich) for 2 min. Blue cells were counted as dead cells and the cells that did not absorb the dye were counted as living cells.

Measurement of IL-8 in ASMCs
----------------------------

ASMCs were plated in 24-well cluster plates, washed with PBS and stimulated with CSE (5 or 15%) for 24 h or TNF-α (1 ng/ml) for 1 h. Release of IL-8 in the ASMCs culture supernatants was measured using a specific IL-8 enzyme-linked immunosorbent assay (ELISA) kit (Sanquin, Amsterdam, Netherlands) according to the manufacturers\' protocol.

Statistical analysis
--------------------

Data are presented as mean ± standard error of the mean. Statistical significance was determined by Student\'s *t*-test for unpaired observations or one-way analysis of variance followed by Bonferroni\'s post-hoc test for independent observations. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

ASMC proliferation in rats exposed to cigarette smoke
-----------------------------------------------------

The lung tissue of rats was collected for pathological analysis and α-smooth muscle actin immunohistochemical staining. Morphological observations were performed under a light microscope ([Fig. 1](#f1-mmr-13-06-4995){ref-type="fig"}). The structure of the alveoli was mostly undamaged, the bronchioles were clear (i.e. there was no infiltration of inflammatory cells in bronchioles of control rats without CSE), and the bronchioles of normal control rats exhibited eumorphism in terms of their cell structure and histology. By contrast, pulmonary emphysema manifested as alveolar wall thinning, alveolar structure disruption, and alveolar space enlargement and fusion were observed in rats that had been exposed to cigarette smoke. Additionally, bronchial epithelial hyperplasia, submucosal inflammatory cell infiltration, and airway wall and ASM thickening were observed in rats exposed to cigarette smoke.

An increase in ASM mass was observed in rats exposed to cigarette smoke when compared with normal rats \[the ratio of the ASM area to the total airway area was 0.1645±0.01016 vs. 0.0479±0.00889 (n=8) for CSE rats compared with normal rats; respectively; t=70.139; P\<0.001\].

TRPM7 is upregulated in ASMCs from smoke-exposed rats
-----------------------------------------------------

The expression of TRPM7 in primary ASMCs was detected by RT-PCR, western blot analysis and immunofluorescence. As indicated by [Fig. 2](#f2-mmr-13-06-4995){ref-type="fig"}, the TRPM7 mRNA level was elevated in ASMCs of smoke-exposed rats when compared with normal rats. Furthermore, the western blot analysis indicated increased TRPM7 protein levels in ASMCs in smoke-exposed rats compared with normal rats ([Fig. 3](#f3-mmr-13-06-4995){ref-type="fig"}). Additionally, immunofluorescence demonstrated increased expression levels of TRPM7 proteins in ASMCs from smoke-exposed rats when compared with normal rats ([Fig. 4](#f4-mmr-13-06-4995){ref-type="fig"}).

Silencing of TRPM7 in ASMCs by TRPM7-shRNA lentivirus vector
------------------------------------------------------------

TRPM7 protein expression was detected by western blotting in ASMCs infected with the TRPM7-shRNA lentivirus vector. As indicated by [Fig. 5](#f5-mmr-13-06-4995){ref-type="fig"}, treatment with TRPM7-shRNA lentivirus vector resulted in a significant decrease in TRPM7 protein expression.

Upregulation of TRPM7 augments proliferation of ASMCs from smoke-exposed rats
-----------------------------------------------------------------------------

ASMCs were stimulated with CSE (5% or 15%) or TNF-α (1 ng/ml) for 24 h. To assess the proliferation of ASMCs, DNA synthesis and cell number of ASMCs were determined by \[^3^H\]-thymidine incorporation assay and with a hemocytometer, respectively. As indicated by [Fig. 6](#f6-mmr-13-06-4995){ref-type="fig"}, stimulation with CSE (5%) did not induce increased DNA synthesis or ASMC number. However, treatment with TRPM7-shRNA lentivirus vector significantly reduced methyl-\[^3^H\]-thymidine incorporation and the cell number of ASMCs compared with ASMCs that were not treated with the TRPM7-shRNA lentivirus vector. These observations indicated that TRPM7 is required for ASMC proliferation.

Stimulation with CSE (15%) induced significantly increased DNA synthesis and ASMC number, which was not alleviated by treatment with TRPM7-shRNA lentivirus vector ([Fig. 7](#f7-mmr-13-06-4995){ref-type="fig"}). When compared with ASMCs from normal rats, the CSE (15%)-induced increases of methyl-\[^3^H\]-thymidine incorporation and cell number were significantly enhanced in ASMCs from smoke-exposed rats, as demonstrated by greater expression levels of TRPM7. Treatment with TRPM7-shRNA lentivirus vector reduced methyl-\[^3^H\]-thymidine incorporation and cell number of ASMCs. These results indicated that upregulation of TRPM7 augmented proliferation of ASMCs induced by CSE (15%) in smoke-exposed rats. However, in ASMCs treated with TRPM7-shRNA lentivirus vector, stimulation with CSE (15%) induced significantly increased cell number of ASMCs from smoke-exposed rats when compared with normal rats.

As indicated by [Fig. 8](#f8-mmr-13-06-4995){ref-type="fig"}, stimulation with TNF-α (1 ng/ml) led to increased DNA synthesis in ASMCs, this increase was enhanced significantly in ASMCs from smoke-exposed rats with higher expression levels of TRPM7. However, stimulation with TNF-α (1 ng/ml) induced a significant increase in ASMC number in smoke-exposed rats, but not in ASMC number in normal rats. Treatment with TRPM7-shRNA lentivirus vector reduced methyl-\[^3^H\]-thymidine incorporation and cell number of ASMCs. This indicated that upregulation of TRPM7 augmented proliferation of ASMCs induced by TNF-α (1 ng/ml) in smoke-exposed rats. However, increased methyl-\[^3^H\]-thymidine incorporation and cell number of ASMCs from smoke-exposed rats induced by TNF-α was not completely inhibited by treatment with TRPM7-shRNA lentivirus vector.

Upregulation of TRPM7 augments IL-8 secretion in ASMCs from smoke-exposed rats
------------------------------------------------------------------------------

ASMCs were stimulated with CSE (5% or 15%) for 24 h or TNF-α (1 ng/ml) for 1 h and the IL-8 release was determined using an ELISA. Stimulation with CSE (5%) did not increase IL-8 release significantly and treatment with TRPM7-shRNA lentivirus vector did not affect IL-8 release in the ASMCs.

Stimulation with CSE (15%) or TNF-α (1 ng/ml) significantly increased the secretion of IL-8 in ASMCs was not inhibited by treatment with TRPM7-shRNA lentivirus vector ([Figs. 9](#f9-mmr-13-06-4995){ref-type="fig"} and [10](#f10-mmr-13-06-4995){ref-type="fig"}). Compared with ASMCs from normal rats, the increase of IL-8 secretion induced by CSE (15%) or TNF-α was greater in ASMCs from smoke-exposed rats with higher levels of TRPM7 expression. Treatment with TRPM7-shRNA lentivirus vector reduced IL-8 release, which was induced by CSE (15%) and TNF-α in ASMCs. These results indicated that upregulation of TRPM7 augmented CSE (15%)- or TNF-α-induced IL-8 secretion in ASMCs from smoke-exposed rats. However, in ASMCs treated with the TRPM7-shRNA lentivirus vector, stimulation with CSE (15%) or TNF-α also induced a significant increase in IL-8 secretion in ASMCs from smoke-exposed rats when compared with normal rats.

Discussion
==========

The present study demonstrated that TRPM7 was upregulated in ASMCs from rats exposed to cigarette smoke. The TRP channel is a superfamily of ion channels that control the passage of various ions across membranes ([@b11-mmr-13-06-4995]). These channels are homo- or heterotetramers formed by proteins, which contain six putative transmembrane domains and a pore-forming loop between the fifth and sixth segments. TRPM7 is a widely expressed member of the TRP superfamily. Previous studies have indicated that TRPM7 is expressed in various cell types, including lymphocytes ([@b20-mmr-13-06-4995]), neurons ([@b21-mmr-13-06-4995]), vascular smooth muscle cells ([@b22-mmr-13-06-4995]), vascular endothelia ([@b23-mmr-13-06-4995]), mast cells ([@b24-mmr-13-06-4995]), fibroblasts ([@b25-mmr-13-06-4995]), kidney cells ([@b26-mmr-13-06-4995]) and adipocytes ([@b27-mmr-13-06-4995]). In the present study, RT-PCR, western blot assays and immunofluorescence demonstrated that TRPM7 was expressed in ASMCs from normal rats and the expression levels of TRPM7 were markedly higher in ASMCs from smoke-exposed rats.

The results of the current study identified that upregulation of TRPM7 augmented proliferation in ASMCs from smoke-exposed rats. The function of TRPM7 in cellular proliferation varies between different cell types. In certain types of cells, TRPM7 exhibits a cell death function; for example, TRPM7 leads to cell death in anoxic neurons ([@b21-mmr-13-06-4995]). However, TRPM7 is also required for cell survival and proliferation in various cell types. Previously, it was reported that TRPM7 suppression by retrovirus-mediated siRNA targeting the *TRPM7* gene decreased the survival rate of RBL-2H3 cells ([@b28-mmr-13-06-4995]). Additionally, TRPM7 is required for the proliferation of various types of normal and cancer cell, including human mast ([@b24-mmr-13-06-4995]), B lymphocyte ([@b20-mmr-13-06-4995]), human head and neck carcinoma ([@b29-mmr-13-06-4995]), breast cancer ([@b30-mmr-13-06-4995]), hepatocellular carcinoma ([@b31-mmr-13-06-4995]), gastric cancer ([@b32-mmr-13-06-4995]) and prostate cancer ([@b33-mmr-13-06-4995]) cells. Consistent with the majority of results regarding the underlying mechanisms of cellular proliferation, in the current study, silencing of TRPM7 reduced DNA synthesis and cell number of ASMCs, and upregulation of TRPM7 augmented cell proliferation in ASMCs from rats exposed to cigarette smoke.

To the best of our knowledge, this is the first study regarding the importance of TRPM7 in cytokine secretion by ASMCs. In our previous study, it was determined that knockdown of TRPM7 reduced the release of cytokines in rat bone marrow-derived mast cells ([@b17-mmr-13-06-4995]). Therefore, the present study determined that silencing of TRPM7 with TRPM7-shRNA lentivirus vector reduced IL-8 release in ASMCs induced by CSE (15%) and TNF-α in ASMCs from rats exposed to cigarette smoke. Furthermore, the increase of IL-8 secretion induced by CSE and TNF-α was enhanced in ASMCs from rats exposed to cigarette smoke, as demonstrated by higher expression levels of TRPM7. This suggests that upregulation of TRPM7 augmented the release of IL-8 in ASMCs from rats exposed to cigarette smoke. As IL-8 is important in neutrophil recruitment, the upregulation of TRPM7 in ASMCs from rats exposed to cigarette smoke may contribute to the inflammatory response of the airway.

The present study investigated the proliferation of ASMCs and IL-8 release induced by TNF-α due to the association between cigarette smoke exposure and TNF-α. The level of TNF-α is often associated with smoking status, systemic inflammation and airflow limitation in patients with COPD ([@b34-mmr-13-06-4995],[@b35-mmr-13-06-4995]). In animal models, mice with knocked-out TNF-α receptors did not develop an inflammatory response following acute cigarette smoke exposure ([@b36-mmr-13-06-4995]). Furthermore, it was previously demonstrated that TNF-α accounts for the majority of inflammatory cell infiltration in a mouse model with 6-month smoke exposure ([@b37-mmr-13-06-4995]). However, the mitogenic effect of TNF-α on ASMCs is controversial. A previous study reported that TNF-α promotes ASMC proliferation, which was mediated via the phosphatidylinositol 3-kinase signaling pathway, and the p38 and extracellular signal-regulated kinase 1/2 mitogen-activated protein kinase (MAPK) signaling pathway ([@b5-mmr-13-06-4995]). Furthermore, it was previously proposed that TNF-α did not induce the proliferation of ASMCs ([@b38-mmr-13-06-4995]) and may inhibit proliferation induced by other growth factors ([@b39-mmr-13-06-4995]). This may be due to differences in species used for the experiments, the concentration of TNF-α, exposure duration and culture medium. In the present study, a positive mitogenic effect of TNF-α on ASMCs was observed and the upregulation of TRPM7 led to a proliferative effect of TNF-α. The underlying mechanism of TRPM7 regulating the proliferation of ASMCs may contribute to a potential interaction between its distinctive serine/threonine protein kinase domain, and the PI3K and MAPK signaling pathway, which consists of a cascade reaction of serine/threonine kinases ([@b40-mmr-13-06-4995]); however, further research is required to elucidate this further.

In the current study; however, treatment with TRPM7-shRNA lentivirus vector did not completely inhibit the effect of cell proliferation and IL-8 secretion that was induced by CSE (15%) or TNF-α. Stimulation with CSE (15%) or TNF-α increased cell proliferation and IL-8 secretion in ASMCs from smoke-exposed rats when compared with normal rats in the presence of TRPM7-shRNA lentivirus vector treatment. This indicated that there is an alternative mechanism inducing the response to cigarette smoke or TNF-α in ASMCs.

In conclusion, the present study revealed that TRPM7 expression levels were elevated in ASMCs from rats exposed to cigarette smoke, and that upregulation of TRPM7 augmented cell proliferation and IL-8 secretion in ASMCs from smoke-exposed rats. ASMC proliferation and IL-8 secretion are considered to be important in the development of COPD; therefore, the current study indicates that TRPM7 may be a potential target for the treatment of COPD.

The present study was supported by the National Science Foundation of China (grant nos. 81000015 and 81370120).

![α-smooth muscle actin immunohistochemical staining of rat bronchioles (magnification, ×200). (A) Structure of bronchioles was undamaged and eumorphism in terms of cell structure and histology was exhibited in normal rats. (B) Pulmonary emphysema, bronchial epithelial hyperplasia, submucosal inflammatory cell infiltration, and airway wall and airway smooth muscle thickening were observed in rats exposed to cigarette smoke. Scale bar, 100 *μ*m.](MMR-13-06-4995-g00){#f1-mmr-13-06-4995}

![Expression of TRPM7 mRNA detected by RT-PCR. (A) TRPM7 mRNA levels in ASMCs of normal and smoke-exposed rats. The gels are representative of at least three independent experiments. (B) Relative optical density of the RT-PCR band as percentage values (TRPM7/β-actin) in the samples. ^\*^P\<0.05 vs. ASMCs of normal rats. Data are presented as the mean ± standard error of the mean. TRPM7, transient receptor potential cation channel subfamily M member 7; RT-PCR, reverse transcription-polymerase chain reaction; ASMCs, airway smooth muscle cells.](MMR-13-06-4995-g01){#f2-mmr-13-06-4995}

![Expression of TRPM7 protein levels detected by western blot assay. (A) TRPM7 protein levels in ASMCs of normal and smoke-exposed rats. The gels are representative of at least three independent experiments. (B) Relative optical density of the western blotting bands as percentage values (TRPM7/β-actin) in the samples. ^\*^P\<0.05 vs. ASMCs from normal rats. Data are presented as the mean ± standard error of the mean. TRPM7, transient receptor potential cation channel subfamily M member 7;. ASMCs, airway smooth muscle cells.](MMR-13-06-4995-g02){#f3-mmr-13-06-4995}

![Expression of TRPM7 detected by immunofluorescence. Higher expression levels of TRPM7 were observed by immunofluorescence in the cell membranes of ASMCs from smoke-exposed rats when compared with those of normal rats. Magnification, ×100. TRPM7, transient receptor potential cation channel subfamily M member 7;. ASMCs, airway smooth muscle cells.](MMR-13-06-4995-g03){#f4-mmr-13-06-4995}

![Silencing of TRPM7 in ASMCs. (A) Expression levels of TRPM7 protein in ASMCs from normal and smoke-exposed rats infected with scramble-shRNA lentivirus vector or TRPM7-shRNA lentivirus vector was detected by western blot assays. The gels are representative of at least three independent experiments. (B) Relative optical density of the western blotting bands as percentage values (TRPM7/β-actin) in the samples. ^NS^P\>0.05; ^\*^P\<0.05 vs. ASMCs from normal rats without lentivirus vector treatment; ^\*\*\*^P\<0.001 vs. ASMCs from normal rats without lentivirus vector treatment; ^\#\#\#^P\<0.001 vs. ASMCs from smoke-exposed rats without lentivirus vector treatment. Data are presented as the mean ± standard error of the mean. TRPM7, transient receptor potential cation channel subfamily M member 7; NS, not significant; shRNA, short hairpin RNA; ASMCs, airway smooth muscle cells.](MMR-13-06-4995-g04){#f5-mmr-13-06-4995}

![Proliferation of ASMCs induced by CSE (5%). (A) DNA synthesis in ASMCs stimulated with CSE (5%) for 24 h was assessed by methyl-\[^3^H\]-thymidine incorporation. (B) Cell number of ASMCs stimulated with CSE (5%) for 24 h was detected by hemocytometer. Data are presented as the mean ± standard error of the mean of eight independent experiments. ^\*^P\<0.05 vs. ASMCs without lentivirus vector treatment. CSE, cigarette smoke extract; TRPM7, transient receptor potential cation channel subfamily M member 7; shRNA, short hairpin RNA; ASMCs, airway smooth muscle cells.](MMR-13-06-4995-g05){#f6-mmr-13-06-4995}

![Proliferation of ASMCs induced by CSE (15%). (A) DNA synthesis in ASMCs stimulated with CSE (15%) for 24 h was assessed by methyl-\[^3^H\]-thymidine incorporation. ^\*^P\<0.05 vs. ASMCs without lentivirus vector treatment; ^\#^P\<0.05 vs. ASMCs from normal rats with CSE (15%) stimulation and without lentivirus vector treatment; ^\#\#\#^P\<0.001 vs. ASMCs from normal rats without CSE (15%) stimulation or lentivirus vector treatment; ^NS^P\>0.05 vs. ASMCs from normal rats with CSE (15%) stimulation and lentivirus vector treatment. (B) Cell number of ASMCs stimulated with CSE (15%) for 24 h was detected by hemocytometer. ^\*^P\<0.05 vs. ASMCs without lentivirus vector treatment; ^\#^P\<0.05 vs. ASMCs from normal rats with CSE (15%) stimulation and without lentivirus vector treatment; ^\#\#^P\<0.01 vs. ASMCs from normal rats without CSE (15%) stimulation or lentivirus vector treatment; ^NS^P\<0.05 vs. ASMCs from normal rats with CSE (15%) stimulation and lentivirus vector treatment. Data are presented as the mean ± standard error of the mean of eight independent experiments. CSE, cigarette smoke extract; TRPM7, transient receptor potential cation channel subfamily M member 7; shRNA, short hairpin RNA; ASMCs, airway smooth muscle cells; NS, not significant.](MMR-13-06-4995-g06){#f7-mmr-13-06-4995}

![Proliferation of ASMCs induced by TNF-α. (A) DNA synthesis in ASMCs stimulated with TNF-α (1 ng/ml) for 24 h was assessed by methyl-\[^3^H\]-thymidine incorporation. ^\*^P\<0.05 vs. ASMCs without lentivirus vector treatment; ^\#^P\<0.05 vs. ASMCs from normal rats without TNF-α stimulation or lentivirus vector treatment; ^\#\#^P\<0.01 vs. ASMCs from normal rats with TNF-α stimulation and without lentivirus vector treatment; ^NS^P\<0.05 vs. ASMCs from normal rats with TNF-α stimulation and lentivirus vector treatment. (B) Cell number of ASMCs stimulated with TNF-α (1 ng/ml) for 24 h was detected by hemocytometer. ^\*^P\<0.05 vs. ASMCs without lentivirus vector treatment; ^\#\#^P\<0.01 vs. ASMCs from normal rats with TNF-α stimulation and without lentivirus vector treatment; ^NS^P\<0.05 vs. ASMCs from normal rats with TNF-α stimulation and lentivirus vector treatment. Data are presented as the mean ± standard error of the mean of eight independent experiments. TRPM7, transient receptor potential cation channel subfamily M member 7; shRNA, short hairpin RNA; TNF-α, tumor necrosis factor-α; ASMCs, airway smooth muscle cells.](MMR-13-06-4995-g07){#f8-mmr-13-06-4995}

![Secretion of IL-8 in ASMCs induced by CSE (15%). The secretion of IL-8 in ASMCs stimulated by CSE (15%) for 24 h was determined with enzyme-linked immunosorbent assay. ^\*^P\<0.05 vs. ASMCs from smoke-exposed rats with CSE (15%) stimulation and without lentivirus vector treatment; ^\#^P\<0.05 vs. ASMCs from normal rats with CSE (15%) stimulation and lentivirus vector treatment; ^\#\#^P\<0.01 vs. ASMCs from normal rats with CSE (15%) stimulation and without lentivirus vector treatment; ^\#\#\#^P\<0.001 vs. ASMCs from normal rats without CSE (15%) stimulation or lentivirus vector treatment. Data are presented as the mean ± standard error of the mean of eight independent experiments. CSE, cigarette smoke extract; TRPM7, transient receptor potential cation channel subfamily M member 7; shRNA, short hairpin RNA; IL-8, interleukin-8; ASMCs, airway smooth muscle cells.](MMR-13-06-4995-g08){#f9-mmr-13-06-4995}

![Secretion of IL-8 in ASMCs was induced by TNF-α. This was determined using enzyme-linked immunosorbent assay. ^\*^P\<0.05 vs. ASMCs from smoke-exposed rats with TNF-α stimulation and without lentivirus vector treatment; ^\#^P\<0.05 vs. ASMCs from normal rats with TNF-α stimulation and lentivirus vector treatment; ^\#\#^P\<0.01 vs. ASMCs from normal rats with TNF-α stimulation and without lentivirus vector treatment; ^\#\#\#^P\<0.001 vs. ASMCs from normal rats without TNF-α stimulation or lentivirus vector treatment. Data are presented as the mean ± standard error of the mean of eight independent experiments. IL-8, interleukin-8; TRPM7, transient receptor potential cation channel subfamily M member 7; shRNA, short hairpin RNA; TNF-α, tumor necrosis factor-α; ASMCs, airway smooth muscle cells.](MMR-13-06-4995-g09){#f10-mmr-13-06-4995}
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